The temperature dependence of photoluminescence ͑PL͒ properties of AlGaAs/GaAs quantum wire ͑QWR͒ grown on V-grooved substrates by flow rate modulation epitaxy is investigated. PL from a 7.1 nm thick QWR is easily observed even at room temperature. The full width at half-maximum ͑FWHM͒ of the QWR emission peak increases linearly with increasing temperature at low temperatures and becomes almost independent of temperature at high temperatures, while that of a quantum well layer ͑QWL͒ sample increases with increasing temperature up to room temperature. The FWHM of QWR is found to be considerably narrower than that of the QWL sample at high temperatures, which is expected theoretically from the sharp one-dimensional density of states of QWR but has not been clearly observed experimentally. © 1995 American Institute of Physics.
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It is highly desirable to investigate the optical properties of quantum wire ͑QWR͒ or quantum dot ͑QD͒ structures around room temperature from the viewpoint of practical device applications. Although a variety of fabrication techniques have been developed for the realization of high quality QWR or QD structures, 1,2 clear observation of photoluminescence ͑PL͒ from such structures at high temperatures is still not so easy at the present stage, mainly owing to the structural imperfections and the influence of PL from neighboring structures. Recently, we have developed a new selective growth method using flow rate modulation epitaxy ͑FME͒ for the growth of QWRs on nonplanar substrates at low growth temperature. 3 We also developed a sample preparation process for PL measurements which can drastically improve the carrier capture efficiency of QWR. 4 These techniques make the investigation of PL from QWR at high temperatures possible. In this letter, we report a clear observation of suppressed thermal broadening of PL linewidth from FME grown QWRs on V-grooved substrates.
The QWR samples were grown by a low pressure ͑76 Torr͒ metalorganic vapor phase epitaxy ͑MOVPE͒ system at a growth temperature of 630°C on V-grooved substrates, using triethylgallium ͑TEGa͒, trimethylaluminum ͑TMAl͒, and AsH 3 as the source gases. The V-grooves, aligned along ͓011͔ direction with a pitch of 4.8 m, were formed on ͑001͒ semi-insulating GaAs substrates by photolithography and wet chemical etching. Figures 1͑a͒ and 1͑b͒ show the schematic illustration of the layer structure and the crosssectional transmission electron microscopy ͑TEM͒ image of the grown QWR sample, respectively. Only the GaAs wire layer was grown by FME while all the other layers were grown by the conventional MOVPE. The grown QWR sample consists of the following layers: a 330 nm thick GaAs buffer layer, a 990 nm thick Al 0.33 Ga 0.67 As barrier layer, a 5 nm thick GaAs well layer, and a 160 nm thick Al 0.33 Ga 0.67 As barrier layer. Here, the layer thickness and the Al composition are all those for the layers grown on the ͑001͒ flat region. The central thickness and lateral width of the crescent-shaped QWR shown in Fig. 1͑b͒ are about 7.1 and 31 nm, respectively.
The PL measurements were carried out over the temperature range of 11-300 K using the 5145 Å line of an Ar ϩ laser as the excitation light. The Ar ϩ laser was focused on the sample surface to a spot diameter of about 190 m. very difficult to detect probably because the photogenerated carriers diffuse from the ͑111͒A AlGaAs barrier layer to the ͑001͒ AlGaAs barrier layer which has a lower Al composition than the ͑111͒A barrier layer before they are captured by ͑111͒A sidewall quantum well ͑QWL͒ and QWR regions. 4 To improve the carrier capture efficiency of the QWR region, the ͑001͒ flat and part of the ͑111͒A sidewall AlGaAs barrier layers were selectively removed by a self-aligned wet chemical etching technique as shown by the dashed line in Fig.  1͑a͒ . 4 Figure 1͑c͒ shows the cross-sectional scanning electron microscopy ͑SEM͒ image of the etched sample. Wet chemical etching was performed until the original V grooves barely remained. The PL spectra of the as-grown and the etched samples at 12 K are shown in Fig. 2 . In the spectrum of the as-grown sample, luminescence from the ͑001͒ flat QWL dominates the spectrum and that from QWR could not be resolved. This could be attributed to the carrier diffusion in the AlGaAs barrier layers as mentioned above. 4 Luminescence from QWR was significantly enhanced by the removal of the ͑001͒ flat and part of the ͑111͒A side wall AlGaAs barrier layers as shown in Fig. 2͑a͒ . The VQWL peak is due to the luminescence from a Ga-rich AlGaAs stripe running through the V-groove bottom, called vertical QWL. 5 The QWR peak intensity was found to be very sensitive to the remaining ͑111͒A sidewall area and the strongest intensity was achieved when the original V grooves were removed completely as shown in Fig. 1͑c͒ . 4 The intensity of the QWR peak is about 50% of that of a 7 nm thick QWL sample grown on a flat substrate under the same growth condition. Using an effective QWR lateral width for the ground-state wave function of about 9 nm calculated according to the procedure developed by Kapon et al., 6 the QWR region is estimated to occupy only about 1.87ϫ10
Ϫ3 of the entire substrate surface. This means that the equilibrium carrier concentration in the QWR is about 260 times higher than that in QWL under the same excitation power, if we assume a similar exciton transition lifetime of QWR to QWL. Figure 3 shows the temperature dependence of the PL spectra of the etched QWR sample. The VQWL and ͑111͒A sidewall QWL peaks decrease rapidly with increasing temperature due to the carrier thermalization into QWR 2 and disappeared completely at temperatures higher than 80 K beyond which only the QWR emission peak remained. The QWR peak could be observed easily even at room temperature. A weak shoulder at the short wavelength side begins to appear at high temperatures which is attributed to emission between higher order subbands. 7 The full width at half-maximum ͑FWHM͒ of the lowestlying electron-heavy hole ͑1e-1hh͒ peak was calculated from Fig. 3 . For high-temperature spectra, the 1e-1hh peaks were separated from the higher order subband peaks by assuming two Gaussian distribution functions. The results are shown in Fig. 4 as a function of temperature. The FWHM values of a 7 nm thick QWL sample are also given in the figure for comparison. At 12 K, the FWHM of the QWR peak is as narrow as that of the reference QWL sample, clearly indicating the very excellent size uniformity and crystalline quality of the QWR grown by FME. The FWHM of QWL increases with increasing temperature almost linearly up to room temperature. This is consistent with the theoretical prediction of the 1e-1hh subband-to-subband transition of QWL structure 8 in which the density of states is staircase like. To the contrary, the FWHM of QWR showed very different temperature dependence from QWL. The FWHM of QWR first increases linearly with increasing temperature at low temperatures and becomes almost independent of temperature at high temperatures. The FWHM of QWR also showed strong excitation power dependence at high temperatures. For example, the FWHM under 15 W excitation ͑curve b in Fig. 4͒ is about 6.5 meV narrower than that under 1.5 mW excitation ͑curve a in Fig. 4͒ at temperatures higher than 200 K, though these two excitation cases showed almost the same temperature dependence at lower temperatures ͑Ͻ60 K͒. As estimated before, the carrier concentration of QWR under 15 W excitation is relatively close to that of QWL under 1.5 mW excitation. At room temperature, the FWHMs of QWR under the excitation power of 1.5 mW and 15 W are about 7 and 14 meV narrower than that of QWL, respectively, if we assume that the room-temperature FWHM of QWR under 15 W excitation is equal to that at 220 K. Although the suppression of thermal broadening of the PL linewidth of QWR as compared with QWL is easily expected from the sharp density of states of QWR structures, it has not been experimentally observed until now due to the structural imperfections. This letter is believed to be the first clear observation of such an effect from QWR.
At the present time, however, we could not fully understand the linear temperature dependence at low temperatures and the strong excitation power dependence at high temperatures of the QWR FWHM. The linear dependence of QWR FWHM at low temperatures may be due to some potential fluctuations resulting from the small wire size fluctuation. Photogenerated excitons are localized at the potential minima at low temperatures and thermalized into higher energy levels as temperature is increased, an effect well investigated in QWL structures. 9 Regarding the excitation power dependence, band-filling effects are well-known to result in linewidth broadening as the excitation power is increased for QWL or bulk structures. The band-filling effects are generally accompanied with a blue shift of emission peak energy at the same time. However, a small red shift of the QWR emission peak was observed when the excitation power is increased from 15 W to 1.5 mW as shown in Fig. 5 . The amount of red shift at 220 K is about 3.1 meV. The red shift may be due to band shrinkage effect because the carrier density in QWR with a excitation power of 1.5 mW was estimated to exceed 10 18 cm
Ϫ3
. 10 In summary, we have investigated the temperature dependence of PL properties of AlGaAs/GaAs QWR grown on V-grooved substrates by FME. The QWR PL intensity was drastically enhanced by removing the ͑001͒ flat and part of the ͑111͒A sidewall AlGaAs barrier layers. The FWHM of QWR increases with increasing temperature at low temperatures, but becomes almost independent of temperature at high temperatures, while that of a QWL reference sample increases linearly with increasing temperature up to room temperature. At room temperature, the FWHM of QWR is much narrower than that of the QWL sample. This is believed to be the first experimental observation of the suppressed thermal broadening of luminescence linewidth from QWR structures which is expected from the sharp onedimensional density of states. The authors would like to thank Dr. Tsunenori Sakamoto and Dr. Keizou Shimizu for their encouragment on this work. They are also grateful to Dr. Kazuhiro Komori for helpful discussions. 5 . The 1e-1hh PL peak energies of the 7.l nm thick QWR and the 7 nm thick QWL as a function of measurement temperature. The solid lines represent the temperature dependence of GaAs band-gap energy which was shifted to the fit the QWR and QWL peak energies at high temperatures.
